This is the first installment of 2 articles that discuss the biology and pathophysiology of wound healing, review the role that growth factors play in this process, and describe current ways of growth factor delivery into the wound bed. Part 1 discusses the latest advances in clinicians' understanding of the control points that regulate wound healing. Importantly, biological similarities and differences between acute and chronic wounds are considered, including the signaling pathways that initiate cellular and tissue responses after injury, which may be impeded during chronic wound healing.
fashion to induce and maintain cellular proliferation while initiating cellular migration; all these events are required for the formation of granulation tissue while supporting epithelializa-tion. 3, 4 As dermal and epidermal cells migrate and proliferate within the wound bed, there is a frank requirement for an adequate blood supply for nutrient delivery, gas, and metabolite 
MECHANISMS OF NORMAL WOUND HEALING
Normal wound healing processes can be divided into 4 overlapping phases: coagulation (not shown), inflammatory phase (A), proliferative phase/granulation tissue formation (B), and remodeling phase (C). During coagulation and inflammatory phases (A) of the healing, blood-borne cellsVneutrophils, macrophages, as well as plateletsVplay critical roles. These cells provide growth factors and provisional matrices that are necessary for recruitment of epidermal and dermal cells into the wound bed. The proliferative phase (B) starts at approximately 3 days after injury and is characterized by increased levels of keratinocyte and fibroblast proliferation, migration, and ECM synthesis in response to autocrine, paracrine, and juxtacrine growth factors. Angiogenesis/neovascularization also occurs during this phase. Because of the presence of blood vessels, the tissue has a granular appearance (granulation tissue). Finally, at approximately 1 to 2 weeks after injury, differentiated fibroblastic cells (myofibroblasts) that present within the granulation tissue begin to remodel extracellular matrix (C). Extracellular matrix remodeling followed by apoptosis of resident cells leads to the formation of an acellular scar. exchange. Therefore, for wound healing to progress normally, a robust angiogenic response must be initiated and sustained.
Wound healing angiogenesis begins immediately after injury when local hypoxia, secondary to injury-induced blood vessel disruption, occurs. This event fosters the production of proangiogenic factors. Vascular endothelial growth factor (VEGF), fibroblast growth factor 2 (FGF-2), and PDGF, 8 initially released by platelets and then by resident cells within the wound bed, are all central mediators of injury-induced angiogenic induction. In response, endothelial cells degrade basement membrane, migrate toward the wound site, proliferate, and form cell-cell contacts and eventually new blood vessels. 3, 9 More recently, it has been revealed that endothelial progenitor cells (EPCs) are also required for wound revascularization. 10Y12 Normally, EPCs reside in the bone marrow and are recruited into the circulation in response to injury. Subsequently, EPCs are engrafted into the remodeling microvasculature, taking residence adjacent to endothelial cells bordering the injury site. Endothelial progenitor cell mobilization is mediated by nitric oxide, VEGF, and matrix metalloproteinases (MMP), particularly MMP-9 12 ; EPC engraftment and possibly differentiation occur in response to stomal cellYderived factor 1> and, as has become apparent more recently, insulinlike growth factor (IGF). 13 Although more research needs to be done to further elucidate the mechanisms of EPC recruitment and homing, it is clear that these progenitor cells are necessary for normal wound healingY associated neovasculogenesis and injury repair. In fact, key signaling intermediates responsible for coordinating/regulating wound healing angiogenesis and vasculogenesis may be dysfunctional during diabetes. 14 Indeed, diabetic patients prone to the development of chronic wounds 11 may exhibit deficiencies in either EPC bone marrow release or peripheral tissue homing and engraftment. Thus, therapies aimed at correcting EPC-linked deficiencies may prove beneficial for treating diabetes-induced chronic wounds. 11 
Matrix Remodeling and Scar Formation
Reestablishment of a normal blood supply provides a favorable microenvironment for epidermal and dermal cell migration and proliferation ( Figure 1C ). In turn, this leads to wound re-epithelialization and restoration of epidermal integrity. Fibroblasts proliferate within the wound and synthesize extracellular matrix (ECM) forming granulation tissue perfused with newly formed blood vessels. Simultaneously, provisional matrix mainly consisting of collagen III, fibrin, fibronectin, and hyaluronic acid is progressively substituted with ECM mainly containing collagen I. 3 Next, wound contraction and matrix remodeling occur 3 ( Figure 1C ). Contraction is mainly achieved by differentiated fibroblasts or myofibroblasts that, in response to TGF-A, tissue tension, and the presence of certain matrix proteins (such as ED-A fibronectin and tenascin C), acquire smooth muscle actinYcontaining stress fibers. Fibroblast-induced contractile forces are then transmitted to the ECM via cytoskeletonassociated and ECM receptorYdependent mechanocoupling focal adhesion complexes, that is, integrin receptors. 15 Another mechanism leading to wound contraction is fibroblast motility with consequent matrix reorganization. 16 This dynamic and reciprocal process involves slow cycles of ECM synthesis and degradation both occurring in a stromal-or fibroblastic cellYdependent manner. Here, matrix-remodeling enzymes, particularly MMPs, play important roles in remodeling the local matrix microenvironment in support of several healing responses, including cellular migration, proliferation, and angiogenic induction. Finally, apoptosis of fibroblastic cells occurs, leading to the formation of a relatively acellular scar tissue whose tensile strength is comparable with unwounded skin ( Figure 1C ).
Although the importance of apoptosis in granulation tissue remodeling and scar formation is widely accepted, the triggers of apoptosis are not well understood. 17 It has been suggested that TGF-A, tumor necrosis factor, and surprisingly FGF-2 (that normally is considered a stimulator of cell proliferation) can lead to an increase in the number of apoptotic cells during the final phase of healing. 18, 19 Inability of dermal cells, particularly myofibroblasts to undergo timely apoptosis, has been linked to wound healing pathologies, including the hypertrophic scar and keloid formation. 20 Clinicians' improved understanding of the role of apoptosis in normal and pathological wound healing may initiate novel approaches for their treatment and/or prevention.
CHRONIC WOUNDS: CLASSIFICATION AND MOLECULAR MECHANISMS OF CHRONICITY
With the estimated number of older adults 65 years or older in the United States almost doubling (from 35 million to 53 million people) by 2030, 21 and the estimated risk of developing diabetes for children born in 2000 as high as 35%, 22 the anticipated risks of diabetes and age-associated nonhealing chronic wounds continue to increase dramatically. In fact, annual chronic wound care costs now exceed $1 billion in the United States alone, 23 and represents È2% of total EU financial resources 24 (Table 1) . Importantly, the majority of the chronic wounds begin as minor traumatic injuries. Penetrating injuries, insect bites, or even simple scratches of dry skin that would normally heal within a few days/weeks can lead to formation of a nonhealing wound in patients with underlying pathologies, 25 such as diabetes-induced and nondiabetic neuropathies.
Chronic wounds can be classified into vascular ulcers (eg, venous and arterial ulcers), diabetic ulcers, and pressure ulcers ( Table 1) . Some common features shared by each of these include a prolonged or excessive inflammatory phase, 7 persistent infections, 26 formation of drug-resistant microbial biofilms, 27 and the inability of dermal and/or epidermal cells to respond to reparative stimuli. In aggregate, these pathophysiologic phenomena result in the failure of these wounds to heal ( Figure 2 ). The underlying pathologies, however, deviate in different types of chronic wounds.
Venous ulcers display profound pathological changes that arise secondary to venous valvular incompetence in the deep and superficial veins. This, in turn, leads to a constant blood backflow resulting in an increase in venous pressure. Pressureinduced changes in blood vessel wall permeability then lead to leakage of fibrin and other plasma components into the perivascular space. Accumulation of fibrin has direct and negative effects on wound healing. It down-regulates collagen synthesis, 28 leads to formation of pericapillary fibrin cuffs that create a barrier for normal vessel function, and traps blood-derived growth factors. 29, 30 In the 1980s and 1990s, the cuffs were considered as continuous obstructions preventing free blooddermis oxygen exchange. 30 Recently, however, using confocal microscopy, it has been demonstrated that fibrin deposits surrounding dermal veins are patchlike and discontinuous. 31 This finding questions the barrier role of fibrin cuffs and suggests the presence of other yet unknown factors contributing to low oxygen tension found in venous ulcers and surrounding tissues. Identification of these factors may reveal novel targets for therapeutic interventions and treatment of venous ulcers.
Arterial ulcers are less common than chronic venous wounds. They occur because of arterial insufficiency caused by atherosclerosis or embolism that can lead to narrowing of arterial lumen and ischemia, which prevents timely healing of minor traumatic injuries. 32 Unlike venous ulcers, which generally arise between the knee and the ankle, arterial leg wounds may present at any spot distal to arterial perfusion such as a tip of a toe. It is estimated that arterial ulcers affect 100,000 Americans annually. 33 Unlike venous ulcers that often can be improved with therapeutic compression, chronic wounds linked to arterial insufficiency can be treated successfully only after the restoration of arterial function via revascularization. 32 Current options for limb revascularization are rather limited and include reconstructive surgery (angioplasty) or pharmaceutical interventions. Because failure of wound revascularization almost inevitably leads to limb amputation in arterial ulcer sufferers, novel techniques allowing for restoration of blood supply to the wound bed, including stem cell therapies, are now under investigation. 34 Pressure ulcers develop as a result of prolonged unrelieved pressure and shearing force applied to skin and the underlying muscle tissue leading to a decrease in oxygen tension, ischemiareperfusion injury, and tissue necrosis. Pressure ulcers are common in patients with compromised mobility and decreased sensory perception (neuropathies) 35 and are exacerbated in individuals with arterial and venous insufficiencies described above.
Complications of aging and diabetes can lead to and exacerbate vascular pathologies related to both arterial and venous insufficiencies and worsen pressure ulcers. Other abnormalities leading to development of chronic wounds in diabetic patients (also called diabetic ulcers) include neuropathy, often linked to vascular impairment, deficiencies in muscle metabolism, and a number of microvascular pathologies often caused by hyperglycemia. 4 Macroscopic pathologies seen in chronic, particularly diabetic, wounds often are linked to cellular phenotypic abnormalities, including low mitogenic/motogenic potential and inability to respond to environmental cues. Thus, a better understanding of these cellular changes may aid in the development of better treatment options.
Although all of the wounds described previously may have different origins, each wound is characterized by a chronically inflamed wound bed and a failure to heal (Figures 2 and 3 ). Excessive recruitment of inflammatory cells to the wound bed often triggered by infection and cell extravasation is facilitated by disproportionate expression of vascular cell adhesion molecule 1 and interstitial cell adhesion molecule 1 by resident endothelial cells. Inflammatory cells accumulated inside the chronic wound produce various ROS that damage structural elements of the ECM and cell membranes and lead to premature cell senescence 36 (Figure 2 ). In addition to these direct negative effects, ROS together with proinflammatory cytokines induce production of serine proteinases and MMPs that degrade and inactivate components of the ECM and growth factors necessary for normal cell function. 7 Inactivation of proteinase inhibitors by proteolytic degradation augments this process. Therefore, although the production of growth factors is often increased in chronic compared with acute wounds, their quantity and bioavailability are significantly decreased. 37, 38 Unlike acute wounds, which generally heal without significant interventions, all types of chronic wounds represent major challenges for patients and caregivers. It is now understood that the inability of the chronic wound to heal is caused by both cellular and molecular abnormalities occurring within the wound bed ( Figure 4 ). However, proper diagnosis of wound etiology, selection of effective treatment, and prevention of wound reoccurrence remain a problem for chronic wound sufferers and healthcare providers. 32 Next, the authors discuss the role of tissue microenvironment in normal and pathological wound healing.
Phenotypic Abnormalities in Chronic Wound Cells
The phenotypic abnormalities of epidermis-and dermis-derived cells residing in chronic wounds include lower density of growth factor receptors and lower mitogenic potential preventing them from responding properly to environmental cues. For instance, fibroblasts, isolated from patients with chronic diabetic, chronic nondiabetic wounds, or patients with venous insufficiency, have lower mitogenic response to PDGF-AB, IGF, bFGF, and epidermal 
NORMAL VERSUS CHRONIC WOUND HEALING
Microenvironment within a normal wound bed (left) is characterized by the presence of numerous growth factors, a well-organized ECM, and responsive cell populations. Matrix synthesis, here, exceeds its degradation, and MMP activity is regulated by the presence of MMP inhibitors (TIMPs). Angiogenesis and neovascularization of normal wounds proceed in a timely manner via well-regulated sprouting of existing blood vessels and recruitment of endothelial progenitor cells (EPC), respectively. Finally, unlike their chronic counterparts, acute wounds are generally characterized by low bacterial burden. Chronic wounds (right) often have high incidence of bacterial biofilms, leading to persistent inflammation, excessive proteolysis, and degradation of critical growth factors, receptors, and/or ECM. Cells residing within these wounds are unable to proliferate and/or migrate effectively perhaps because of the absence of functional receptors or appropriate promigratory matrix substrates. Impaired angiogenesis and neovascularization, both hallmarks of chronic wounds, result in insufficient oxygen and nutrient supply for the cells residing within the wound bed, which leads to further wound bed mutilation and impaired healing. 
PHYSIOLOGIC IMBALANCE: A KEY FEATURE OF CHRONIC WOUNDS
Inflammation, MMP production, matrix degradation, and cell senescence/apoptosis are all elevated in chronic wounds. These processes cannot be overcome because of insufficient levels of cell proliferation, ECM synthesis, production of TIMPs, and impaired angiogenesis/ neovascularization. This imbalance leads to inability of chronic wounds to heal. growth factor applied separately or in combination. These findings are likely due to a decrease in receptor density. 39Y41 Furthermore, fibroblasts isolated from leptin receptorYdeficient diabetic mice, as well as derived from patients with chronic venous insufficiency, have reduced motility, compared with normal fibroblasts. 42, 43 These cellular abnormalities impede the formation of granulation tissue and ECM deposition, leading to formation of nonhealing wounds.
Keratinocytes derived from chronic ulcers have also been reported to possess a ''chronic woundYassociated'' phenotype. 44 Overexpressing the proliferation marker Ki67, these cells upregulate expression of several cell cycleYassociated genes, such as CDC2 and cyclin B1, suggesting a hyperproliferative status. 45 However, these chronic woundYderived keratinocytes exhibit impaired migratory potential. The mechanisms of this impairment are not completely understood but have been linked to decreased production of laminin 332 (formerly known as laminin 5), which is an important epithelial ECM component and substrate for injury-induced keratinocyte migration. 44 In addition, these cells possess an increased activation of A-catenin/c-myc pathway 46 and do not express markers of differentiation, particularly keratin 10 and keratin 2. Finally, several genes encoding a variety of growth factors are down-or up-regulated; for example, VEGF, epiregulin, and TGF-A2 expression are decreased, whereas PDGF and platelet-derived endothelial growth factor encoding genes are up-regulated. 45 Decreased growth factor production directly confirms the impaired state of the keratinocytes residing within a chronic wound and inability to fully participate in repair processes, whereas up-regulation of key growth factor genes enables a sustained proliferative capacity, suggesting that this could be an ''entry point'' for therapeutic intervention. Motogenic stimuli together with activators of keratinocyte differentiation, such as recently described hyperforin, 47 may be able to induce phenotypic changes and transform the chronic wound keratinocytes into competent cells necessary for epithelialization. Similarly, modern transduction techniques 48 could be used to improve growth factor responsiveness of cells residing in chronic wounds by increasing the density of growth factor receptors. These are just a few examples of how improved clinical understanding of cellular pathologies might lead to development of novel therapeutic modalities, which could be used for treatment of chronic wounds and are discussed in more detail in the subsequent sections.
Perturbations in the ECM Microenvironment That Contribute to Sustaining Wound Chronicity
The microenvironment of the chronic wound bed is heralded by a matrix (Figure 3 ). Information about the differences in chemical composition of the ECM found in chronic and acute wounds is scarce and controversial. It is known, however, that deposition of a number of matrix components is different in chronic as compared with acute wounds. For example, chronic wounds are characterized by prolonged 49 or insufficient expression of fibronectin, chondroitin sulfate, and tenascin, which gives rise to impaired cellular proliferation and migration. 50 Recently, reduced production of laminin 332Va basement membrane component that serves as a haptotactic substrate for postinjury keratinocyte motility 44 Vwas found to be one of the reasons for impaired reepithelialization and wound healing. Changes of the ECM, including posttranslational modification of key structural components, can also negatively influence cellular responses to injury. For instance, matrix glycation ( Figure 2 ) is often seen in diabetic patients and is likely to be responsible for or linked to premature cell senescence, apoptosis, inhibition of cell proliferation, migration, and angiogenic sprout formation. 51 Glycation adds to matrix instability and disrupts matrix assembly and interactions between collagen and its binding partners, including heparan sulfate proteoglycans. 52, 53 High glucose has also been shown to stimulate MMP production by fibroblasts, macrophages, and endothelial cells, thus contributing to a ''vicious'' cycle of matrix degradation detrimental for cell survival and therefore wound healing. 54, 55 Matrix instability that occurs because of glycation and insufficient intermolecular cross-linking seen under hypoxic conditions 56 and excessive matrix degradation by MMPs are also detrimental to the healing process. Matrix instability prevents normal cell-matrix interactions necessary for cell survival and function and, ultimately, injury repair. Therefore, inhibition of matrix degradation, addition of exogenous matrices, and induction of matrix synthesis by resident cells all provide therapeutic opportunities. As an example, collagen-based dressings (Promogran; Systagenix, Quincy, Massachusetts) have been used in clinical trials, successfully decreasing the levels of matrix-degrading enzymes and improving healing. 57 To date, protease inhibitors have not been used to treat chronic wounds clinically. However, synthetic bisphosphonates are under investigation for application in wound care. 58 Further research is needed to delineate the therapeutic potential of both protease inhibitors and/or ECM-based preparations for chronic wound care.
Biofilms and the Chronic Wound Bed
Infection is an extrinsic factor that causes delay of wound healing (Figure 4 ), contributing to wound chronicity, morbidity, and mortality. 59 High bacterial counts of greater than 10 5 viable bacteria or any number of A-hemolytic streptococci are considered detrimental. Bacterial toxins (as well as live bacteria) induce excessive inflammatory responses 60 and tissue damage that can lead to abscess, cellulites, osteomyelitis, or limb loss (diabetic patients). 26 Furthermore, recruited inflammatory cells, as well as bacteria, produce a number of proteases (including MMPs), which degrade the ECM and growth factors present within the wound bed ( Figure 2 ). Bacteria that colonize chronic wounds often form polymicrobial communities called biofilms. 61 These complex structures are composed of microbial cells embedded in secreted polymer matrix, which provides optimal environment for bacterial cell survival, enabling their escape from host immune surveillance/defense and resistance to antibiotic treatment. 62 Although biofilms are prevalent in chronic wounds 4,61 and significantly delay re-epithelialization in animal models, 63 it remains unclear precisely how they delay healing. Increased bacterial survival and enhanced production of virulence factors are likely explanations. Nonetheless, it is possible that extracellular biofilm components possess or display a toxic phenotype for host cell functionality and therefore impede healing. Recently, it has been demonstrated that hindering biofilm formation by RNAIII-inhibiting peptide 64 reverses wound-healing delays induced by bacterial biofilms. 63 Better understanding of the precise mechanisms by which bacterial biofilms delay repair processes together with optimizing methods for biofilm detection and prevention may enhance opportunities for chronic wound beds to actively heal.
CHRONIC WOUND CARE
Successful treatment of a particular chronic wound requires a detailed understanding of the molecular and cellular components present within each wound bed. Currently, chronic (and acute) wounds of different etiologies are treated using a multistep approach based on contemporary knowledge of wound healing and known by the acronym TIME. 65 First, nonviable tissues (T) from within and around a wound are removed using surgical debridement or debriding agents, such as bacterial collagenase. Second, infection and inflammation (I) are minimized with antibiotics and anti-inflammatory preparations. Next, moisture (M) imbalance is corrected, generally with carefully selected dressings.
Finally, epithelialization (E) and granulation tissue formation are promoted by the application of specific therapies, such as growth factors.
The use of TIME strategy is not always sufficient, however, and some wounds remain nonresponsive to current therapies. Therefore, refined methods that will enable personalized therapeutics represent intriguing options that should be considered and/or developed. To this end, a novel wound diagnosis technology called ''bar coding'' of the wound has been proposed. 66 It uses sampling of chronic wound fluids and/or collection of tissue biopsies that allow for identification of markers of wound chronicity, such as growth factors and their receptors, MMPs, members of the A-catenin/c-myc pathway, and keratinocyte differentiation markers. Wound bar coding can be used for both guiding wound debridement and treatment regimens. Necessary levels of dead tissue removal can be determined by the presence of A-catenin/c-mycYpositive cells that, although they can proliferate, cannot migrate or differentiate and therefore have to be removed.
In addition, treatment strategies can be adjusted based on the needs of individual patients or bar-coding results. For example, if cells residing within a wound express low levels of growth factors, growth factor receptors, and high levels of MMPs as determined by enzyme-linked immunosorbent assay, growth factor delivery methods or patient-derived ''engineered'' cells could help restore the wound microenvironment to a healing phenotype. Thus, treatment for each wound would be carefully selected on an individual basis.
Wound Bed Preparation
Removal of nonviable tissue or wound debridement is beneficial for wound healing. Methods of debridement used in clinical practice include surgical, autolytic, biological, and enzymatic. 67 Surgical, also known as sharp debridement, is performed by excising necrotic tissue with surgical tools. Autolytic debridement involves either careful removal of spontaneously separated necrotic tissues or the use of moisture-retaining dressings to induce eschar softening prior to its removal. Biological debridement uses larvae of the green blowfly species (maggot therapy); during enzymatic debridement, naturally occurring matrix-degrading enzymes are used. 67Y69 Both surgical and autolytic debridement strategies nondiscriminately remove dead and viable tissues, are very laborious, and can be painful. Although biological debridement is more selective, larvae are hard to store and may be unpleasant for the patients and medical personnel. Therefore, this method is not universally used.
Enzymatic debriding agents are also selective toward necrotic tissues, usually stable for several months upon refrigeration (or even at room temperature), and more aesthetically appealing. 67 Until recently, 2 enzymatic debriding preparations were clinically used in the United StatesVpapain-based and collagenase-based products ( Table 2) .
PapainVa cysteine protease derived from papaya fruitV degrades collagen and fibrin, the major components of eschar; as papain can degrade only denatured protein, urea is often added to the enzyme preparations, such as Accuzyme (Healthpoint Biotherapeutics, Fort Worth, Texas) to ensure protein denaturation. 67 Although different preparations of papain were clinically used for more than 100 years and are relatively effective in removing necrotic tissues, the Food and Drug Administration (FDA) never approved the papain-containing products. Moreover, their benefit for wound healing and the effects on the cells inside the wound are questionable. In fact, papain-urea induces inflammatory response within the wound bed 67 and decreases proliferation of cells, 70 thus impeding the healing process. Recently, because of the safety concerns, the use of these debriding agents was discontinued. 71 Another promising debriding agent is bacterial collagenase (clostridiopeptidase A). It is obtained from a Gram-positive bacterium Clostridium histolyticum and is an active ingredient in a number of debriding agents, including Santyl (Healthpoint Biotherapeutics), Iruxol, and Novuxol (Knoll Nordmark Arzneimittel, Uetersen, Germany). Clostridial collagenase, unlike its mammalian counterpart (MMP-1), can degrade both native and denatured collagens I, II, III, IV, and V. 72 It efficiently clears the wound of necrotic tissues and decreases bacterial burden. More important, preparations of bacterial collagenase enhance migration and proliferation of keratinocytes, endothelial cells, and fibroblasts by releasing both ECM-and cell surfaceYbound growth factors and bioactive matrix fragments. 70,73Y80 Therefore, in addition to clinically relevant wound debridement, treatment of chronic wounds with preparations of bacterial collagenase will likely help to achieve efficient angiogenesis, epithelialization, and ultimately efficient healing 81 (Figure 5 ). Further randomized controlled studies are necessary in order to unequivocally determine the woundhealing potential of clostridial collagenase. 82 Another product that is under investigation for use as enzymatic debriding agent is bromelain. At the time of this writing, bromelain was being tested in a phase III clinical trial and was granted Orphan Drug Status by FDA/European Committee for Proprietary Medicinal Products. This enzymatic preparation extracted from pineapple stems and/or flowers is marketed as bromelain (Debridase, Debrase; MediWound Ltd, Industrial Zone Yavne, Israel). Typically, it is applied once for relatively short periods (4 hours), resulting in thorough debridement. In a small clinical study where the enzyme was used to debride deep partialand full-thickness burns, no detrimental effects were detected on surrounding healthy tissues and no significant adverse effects. 83 This study, however, does not provide any insight into the mechanism of action of bromelain or whether it was beneficial for the healing process or graft success.
Although significant progress has been made in clinicians' understanding of the mechanisms by which enzymatic debriding agents improve healing of chronic wounds, the delivery of debriding enzymes to the wound bed remains somewhat outdated. For example, bromelain is supplied in the form of sterile lyophilized powder and has to be mixed immediately before application in a proprietary hydrating gel provided as a ''kit'' (Debrase). Because of short application time, secondary dressings are not necessary in this case. Bacterial collagenase, on the other hand, supplied premixed in petrolatum or emulsion ointments, has to be applied repeatedly and requires secondary dressings. Although this delivery system in general is considered relatively efficient and safe, it has been reported that contact dermatitis, in some cases, may develop upon exposure to both the active ingredient (clostridiopeptidase) or the excipients. 84, 85 To the authors' knowledge, the only study published in peer-reviewed literature describing a different method of collagenase delivery to an in vivo wound was by a group from the Netherlands. In this report, a biodegradable hydrophilic film containing bacterial collagenase was used. Although collagenase activity in this delivery system was preserved, the formulation was unstable (at least at room temperature). 86 Thus, more work remains to be done to develop 87 This, together with the notion that components of the matrix degraded by bacterial collagenase have stimulatory effects on cells within the wound bedVepithelial, endothelial, inflammatory cells, and fibroblastsVsuggest that matrix-based wound dressings may serve to deliver the enzyme into a wound bed.
Infection Control
Although proper wound debridement helps to control bacterial growth, 88 it is not always sufficient, and additional antibiotics may be required. Antimicrobial preparations used in chronic wound care include topical antiseptics, topical antibacterials, and systemic antibiotics, all recently reviewed. 62, 89, 90 Many preparations described in these reviews can effectively control bacterial growth; however, they can be toxic for host tissues. Currently, there is no conclusive evidence that one antibiotic or antiseptic is superior to any other achieving efficient elimination of infection and decreasing time to healing. Many modern antimicrobial therapies 26 can effectively target planktonic bacteria, which may be beneficial for wound healing. 91, 92 However, biofilm-producing microorganisms remain a major challenge. 26 Novel techniques, including photodynamic therapy 93 and silvercontaining dressings, 62 could successfully eliminate planktonic, biofilm-associated, and multidrug-resistant bacteria.
SUMMARY
The normal wound healing process can be divided into 4 overlapping phases: coagulation, inflammation, formation of granulation tissue (proliferative phase), and remodeling or scar formation. During the coagulation phase, blood-clotting events prevent excessive bleeding and provide interim protection of the wounded area. Progression of the inflammatory phase leads to the recruitment of leukocytes, neutrophils, and macrophages; the production of growth factors; and the activation of dermal and epidermal cells. Completion of the proliferative phase of wound healing leads to formation of ECM-rich, vascularized granulation tissue. Finally, ECM remodeling and cell apoptosis lead to the formation of scar tissue with physical properties that are comparable with unwounded skin. Chronic wounds are classified into vascular ulcers (venous and arterial ulcers), diabetic ulcers, and pressure ulcers. The majority of chronic wounds are characterized by a prolonged or excessive inflammatory phase, persistent infections, and the inability of dermal or epidermal cells to respond to reparative stimuli. 
CONTROL OF WOUND HEALING: A ROLE FOR BACTERIAL COLLAGENASE?
Bacterial collagenase clinically used for wound debridement stimulates both endothelial and epithelial responses to injury. Degradation of the ECM in close proximity to the cells' enzyme allows for efficient cell migration. The release of growth factors and liberation of biologically active matrix fragments that can interact with and activate cellular receptors increase the motogenic and mitogenic potential of the cells within the wound bed, promoting the healing responses. Similar to naturally occurring ECM fragments released by bacterial collagenase in vivo, synthetic matrix-derived peptides identified and tested in the laboratory can enhance cellular responses to injury. Therefore, the authors propose that the peptides could be used in combination or as an alternative to the bacterial products, which foster wound healing in vivo.
Phenotypic abnormalities common in chronic woundYderived cells include the lower density of growth factor receptors and lowered mitogenic/motogenic potential preventing them from responding properly to environmental cues. And, modifications of the ECM in chronic wounds include its glycation (diabetic patients) and excessive or insufficient production.
Infection, particularly in the form of biofilms, is an important factor that contributes to wound chronicity, morbidity, and mortality. Optimized methods for the detection and prevention of biofilm formation could lead to transforming chronic wound care.
A multistep approach based on the current understanding of wound healing mechanisms and known by the acronym TIME is used to treat the majority of chronic and acute wounds. Recent advances in understanding of the molecular and cellular components present within each wound bed may enable personalized diagnosis and therapy tailored to a particular patient's needs and therefore lead to better therapeutic outcomes.
Removal of nonviable tissue (debridement) is critical for the successful healing of acute and chronic wounds. Enzymatic debridement using clostridial collagenase removes nonviable tissues and promotes epithelialization, angiogenesis, and wound healing.
Finally, wound infection control can be achieved using topical antiseptics, topical antibacterials, and systemic antibiotics. Novel methods such as photodynamic therapy and silver-containing dressings will enable eradication of multidrug-resistant and biofilm-associated bacteria. &
